Escherichia coli O157:H7 has caused serious outbreaks of food-borne illness via transmission in a variety of food vehicles, including unpasteurized apple juice, dried salami, and spinach. To understand how this pathogen responds to the multiple stresses of the food environment, we compared global transcription patterns before and after exposure to model apple juice. Transcriptomes of mid-exponential-and stationary-phase cells were evaluated after 10 min in model apple juice (pH 3.5) using microarrays probing 4,886 open reading frames. A total of 331 genes were significantly induced upon exposure of cells to model apple juice, including genes involved in the acid, osmotic, and oxidative stress responses as well as the envelope stress response. Acid and osmotic stress response genes, including asr, osmC, osmB, and osmY, were significantly induced in response to model apple juice. Multiple envelope stress responses were activated as evidenced by increased expression of CpxR and Rcs phosphorelay-controlled genes. Genes controlled by CpxR (cpxP, degP, and htpX) were significantly induced 2-to 15-fold upon exposure to apple juice. Inactivation of CpxRA resulted in a significant decrease in survival of O157:H7 in model apple juice compared to the isogenic parent strain. Of the 331 genes induced in model apple juice, 104 are O157-specific genes, including those encoding type three secretion effectors (espJ, espB, espM2, espL3, and espZ). Elucidating the response of O157:H7 to acidic foods provides insight into how this pathogen is able to survive in food matrices and how exposure to foods influences subsequent transmission and virulence.
Enterohemorrhagic Escherichia coli (EHEC), a food-and waterborne pathogen of zoonotic origin, is an important cause of acute gastroenteritis in humans. O157:H7 is the predominant serotype of EHEC in the United States (54) , and contaminated food is the most frequent cause of EHEC outbreaks (62) . E. coli O157:H7 outbreaks have occurred as a consequence of contamination of ground beef (14, 17, 70) , lettuce (36) , alfalfa sprouts (11) , raw milk (13) , apple cider (8, 37) , apple juice (19) , dry cured salami (15) , and spinach (16) . O157:H7 strains are capable of survival and growth in a number of additional foods, including refrigerated fruit pulps (51) , sour cream and buttermilk (29) , and mayonnaise (85, 92) . While it is evident that E. coli O157:H7 can effectively persist in a variety of food products posing multiple environmental stresses, the mechanisms contributing to persistence under these conditions are poorly understood.
Methods commonly used to preserve foods include storage at low temperature, reduced water activity, and addition of organic acids, all of which confer stress on bacterial contaminants. The physiological responses of E. coli to many of these conditions, when experienced as a single stress, have been described (32, 72, 89) . E. coli combats increased osmotic pressure through the synthesis of trehalose (12) and accumulation of compatible solutes, including betaine, proline, and carnitine when available from the external environment (21, 84) . E. coli responds to acid stress by decreasing membrane permeability (41) and altering membrane fatty acid profiles (90) , as well as by induction of amino acid decarboxylase systems that act to maintain the internal pH (50, 69) . E. coli reacts to heat stress by increasing synthesis of chaperones and proteases involved in protein folding and degradation. These physiological responses are typically regulated on the molecular level by a number of distinct yet overlapping regulons controlled by alternative sigma factors and two-component response regulators (89) . The general stress response modulated by the sigma factor RpoS contributes to E. coli survival under many adverse conditions, including acid stress (3), H 2 O 2 stress (48), high pressure (71) , and osmotic stress (35) , as well as to survival of E. coli O157:H7 in apple cider (61) and dry fermented sausage (18) .
Activation of the general stress response occurs when cells enter stationary phase as well as under adverse environmental conditions. As the general stress response confers resistance to a number of potential stressors, stationary-phase cells are commonly found to be more stress resistant than cells undergoing exponential growth. Late-stationary-phase cells have greater heat resistance than log-phase cells (44) . The ability to persist under low-pH conditions is dependent on growth phase, as stationary-phase cells are more resistant than log-phase cells (6) . Stationary-phase cells are also more resistant to osmotic stress (39) and H 2 O 2 (40) . In a model apple juice (MAJ) medium at pH 3.7, stationary-phase cells of O157:H7 had superior survival compared to exponential-phase cells (64) . As E. coli cells present in the external environment are likely to be growing slowly or not at all, it is more likely that stress-resistant stationary-phase cells will be introduced into food products rather than the relatively stress-sensitive exponential-phase cells.
The ability of E. coli O157:H7 to persist in food is critical for subsequent transmission and infection. Although components of the stress response regulons have been defined for E. coli K-12 (53, 86, 93) under single-stress conditions, stress response regulons that may be activated during exposure to multiple stresses are mostly uncharacterized, particularly in E. coli O157:H7. Here we utilized genome-wide transcription profiling to identify gene transcripts that accumulate in O157:H7 upon exposure to MAJ. As stress tolerance of E. coli is influenced by growth phase, we compared expression profiles of exponential-and stationary-phase cells to discern any growth phase-dependent and -independent responses. Results from this study indicate that E. coli O157:H7 induced multiple stress response regulons, including those controlled by CpxRA, H , and S , in response to a low-pH, high-osmolarity environment designed to mimic apple juice.
MATERIALS AND METHODS
Strain and growth conditions. E. coli O157:H7 RIMD0509952 (Sakai), implicated in a radish sprout outbreak (55) , was stored at Ϫ70°C in LB broth and 10% glycerol and grown as described previously (7) . Briefly, E. coli O157:H7 was inoculated into 10 ml of LB from freezer stock and grown to an optical density at 600 nm (OD 600 ) of 0.1 and then inoculated into 50 ml of MOPS (morpholinepropanesulfonic acid) minimal medium (57) with 0.1% glucose and grown to stationary phase at 37°C and 180 rpm. Cultures were transferred to 100 ml MOPS at a ratio of 1:75 and grown for 9 h before transfer to 100 ml MOPS at a ratio of 1:30, which was used for sampling at different growth phases for survival studies and RNA extraction.
Survival assays in MAJ. MAJ containing 66 g fructose, 22 g glucose, 27 g sucrose, 6 g sorbitol, 6 g malic acid, 0.1 g sodium citrate, 2 g potassium phosphate dibasic trihydrate, 0.24 ϫ 10 Ϫ4 M calcium chloride, 0.25 ϫ 10 Ϫ5 M zinc chloride, and 2.09 ϫ 10 Ϫ6 M ferric sulfate per liter was prepared as described by Reinders et al. (64) with modifications based on the work of Mattick and Moyer (52) . The pH was adjusted to 3.5 with 4 M sodium hydroxide, and the MAJ was then filter sterilized through a 0.22-m filter (Millipore, Billerica, MA) and stored at 4°C until needed. The osmolarity of MAJ was 660 mosmol/liter, which is within the range of osmolarity for apple juice (650 to 730 mosmol/liter) (77) . MAJ was chosen for these experiments rather than apple juice because we were unable to extract high-quality RNA from O157:H7 inoculated into apple juice in preliminary experiments, as a component of the apple juice coprecipitated with RNA. Survival assays were conducted with cells from four independent culture replicates at two time points, i.e., mid-exponential phase (OD 600 of ϳ0.25) and 1.5 h after entry into stationary phase (OD 600 of ϳ1) as determined by previous growth studies in MOPS minimal medium (7) . Culture samples at each time point were directly inoculated into 100 ml of MAJ, prewarmed to 37°C, for an initial concentration of ϳ10 6 CFU/ml. Inoculated MAJ was incubated statically at 37°C and vortexed for 5 s before sampling, serial dilution in phosphatebuffered saline, and plating onto plate count agar using an Autoplate 4000 (Spiral Biotech, Bethesda, MD) at 20, 40, 60, and 120 min for the exponentialphase samples and at 30, 60, 120, 180, and 240 min for the stationary-phase samples. Plates were incubated at 37°C overnight before colonies were counted using the Q Count (Spiral Biotech). The limit of detection was determined to be 100 CFU/ml. RNA isolation. At exponential phase (OD 600 ϭ 0.25, 3 h after inoculation) and stationary phase (OD 600 ϭ 0.95, 6.5 h after inoculation) (7), 10 ml of culture was mixed with 40 ml of MAJ held at 37°C. For comparison to cultures in MOPS medium, 10 ml of exponential-phase culture was added to 40 ml MOPS medium, and 10 ml of stationary-phase culture was added to 40 ml MOPS medium without glucose. A 10-min incubation time in MAJ was chosen to minimize cell death in the exponential-phase cells, as they were found to be more sensitive to the MAJ than the stationary-phase cells. After 10 min, 5 ml of 10% phenol-ethanol stop solution was added to the 50 ml of MAJ, vortexed, and poured into a 250-ml centrifuge bottle. Samples were centrifuged immediately at 6,000 rpm and 4°C for 30 min to pellet cells. The supernatant was removed, and cell pellets were suspended in 5 ml lysis buffer (20 mM sodium acetate, 2 mM EDTA) and immediately mixed with 5 ml of hot-acid-phenol-chloroform. Samples were held at 65°C for at least 10 min, with periodic shaking, before centrifuging at 4,000 rpm for 20 min. The supernatant was extracted again with acid-phenol-chloroform and then with chloroform-is amyl alcohol (24:1). RNA was precipitated overnight at Ϫ80°C in 2.5 volumes of 100% ethanol and 1/10 volume 3 M sodium acetate, pH 5.2. RNA samples were purified and treated with DNase using the RNeasy kit (Qiagen, Valencia, CA).
cDNA synthesis and hybridizations. Reverse transcription reactions contained 6 g RNA and 3 g random primers and were conducted as described previously (7) . cDNA was purified using PCR cleanup columns (Qiagen), and amino-allyllabeled cDNA was coupled with either Cy3 or Cy5 (Amersham Biosciences, Piscataway, NJ) as described previously (7) . The concentration of cDNA and amount of incorporated dye were measured for each sample using a Nanodrop spectrophotometer (Ambion).
The E. coli oligonucleotide set version 1 (Operon) was printed onto Corning UltraGaps (Corning Incorporated, Acton, MA)-coated slides at the Research Technology Support Facility at Michigan State University. Arrays were crosslinked, blocked, and washed, and labeled cDNA samples were prepared for hybridization as described previously (7) . A total of 14 hybridizations were conducted: 5 biological replicate samples from stationary-phase cells in MOPS were directly hybridized with the corresponding replicate samples of stationaryphase cells in MAJ, 5 biological replicate samples from exponential-phase cells in MOPS were directly hybridized with the corresponding replicate samples of exponential-phase cells in MAJ, and 4 biological replicate samples of stationaryphase cells in MAJ were directly hybridized to 4 biological replicate samples of exponential-phase cells in MAJ. Hybridizations were carried out at 47°C for 16 to 18 h, as described elsewhere (7). Arrays were scanned using an Axon 4000b scanner, and images were analyzed using GenePix 6.0.
Microarray data analysis. Raw intensity values for each array were normalized using pin-tip LOWESS in R (63) with the MAANOVA (v. 0.98-8) package. Signals from two replicate probes on each array were averaged and log 2 transformation applied. Differences in transcript levels were determined using a mixed model ANOVA in R/MAANOVA that tested for significant differences due to growth phase (exponential or stationary), treatment (MOPS or MAJ), and the interaction of these two factors using the following linear model: array ϩ dye ϩ sample (biological replicate) ϩ phase ϩ treatment ϩ phase ϫ treatment. The analysis of variance (ANOVA) modeling allows for consideration of appropriate error structures for experiments with multiple sources of variation in microarray measurements (46) . The random effects of the model were biological replicate and array effects, whereas the fixed effects were growth phase, treatment, and dye effects (22) . The Fs statistic, a shrinkage estimator for gene-specific variance components that makes no assumptions about the distribution of variances across genes, was estimated (23) . Significant changes in expression over time were determined by calculating the P values for the Fs statistic for each gene using 1,000 random permutations. The P values were adjusted to correct for type I error with the Benjamini-Hochberg linear step-up correction implemented in R/MAANOVA and a cutoff adjusted P value of 0.05. The fold change in expression between treatments and growth phases was determined by calculating the difference in log 2 expression between the treatments or growth phases of interest.
GSEA. For gene set enrichment analysis (GSEA), GSEA v2.0 (http://www .broad.mit.edu/gsea/) was utilized to determine if the expression of certain groups of genes was overrepresented in MAJ compared to MOPS. The normalized log 2 expression ratios generated from the microarray analysis were ranked in order from highest to lowest and used as the input for GSEA of a preranked data set. Two gene sets were used for GSEA: the first set was based on the JCVI CMR role categories for E. coli O157:H7 Sakai (http://cmr.jcvi.org/tigr-scripts /CMR/CmrHomePage.cgi), and the second set was based on genes found to be upregulated under acid stress (2, 43, 53, 78, 83) , under osmotic stress (86, 87) , by RpoS (47, 59, 88) , by CpxRA (27) , by RpoH (58), by RpoE (68) , and by the Rcs phosphorelay system (33) . Gene sets with an FDR q value of Ͻ0.25 were determined to be significantly enriched (80) .
qRT-PCR. The expression levels of seven open reading frames (ORFs) with known roles in acid, osmotic, or membrane stress responses and that were determined to be differentially expressed were verified by quantitative real-time PCR (qRT-PCR). Primer pairs were designed based on the published reference genome sequence of E. coli O157:H7 Sakai (see Table S1 in the supplemental material). cDNA was synthesized from 1 g of total RNA using the iScript Select cDNA synthesis kit (Bio-Rad, Hercules, CA) and random hexamers supplied with the kit. Template cDNA was diluted to 10 Ϫ1 to 10 Ϫ3 for use in qRT-PCRs, which were performed in triplicate for each cDNA sample tested and were carried out as described previously (7). Relative expression was determined using the method described by Pfaffl et al. (60) , and the fluorescence data from the 16S rRNA target were used for normalization within samples. All samples were then compared to the expression levels of the exponential-phase culture in MOPS medium. The average log 2 change in transcript levels from MOPS medium to MAJ and standard deviation from two independent RNA samples are reported for each growth phase tested.
Mutant creation and complementation. A ⌬cpxRA mutation was created in O157:H7 Sakai using the lambda red recombinase procedure (25, 56) . pKM208 containing IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible lambda red recombinase was inserted into O157:H7 Sakai using the electroporation procedure described by Murphy and Campellone (56) . A PCR product containing a kanamycin cassette and cpxRA homology sequences was generated from pKD4 (25) (see Table S2 in the supplemental material) and transformed into Sakai carrying pKM208. Kan r mutants were confirmed with the KT and K2 primers (25) , and the kanamycin cassette was subsequently removed using FLP recombinase encoded on pCP20. In-frame deletion of cpxRA was confirmed by sequencing.
For complementation of ⌬cpxRA, a 2,727-bp DNA fragment containing the wild-type cpxRA sequence was amplified with complementation primers cpxRA-F and cpxRA-R (see Table 2 in the supplemental material) using TaKaRa LA Taq polymerase with the following cycle conditions: 1 min at 94°C; followed by 30 cycles of 30 s at 94°C, 30 s at 57°C, and 10 min at 72°C; followed by a final 10 min at 72°C. The PCR product was then cloned into pCR2.1-TOPO vector (Invitrogen), producing a pCR2.1-cpxRA plasmid. Subsequently, a second recombinant plasmid was constructed by cloning the cpxRA fragment digested with XbaI and HindIII from the pCR2.1-cpxRA plasmid into a low-copy vector, pACYC184 (XbaI/HindIII), generating the pACYC-cpxRA plasmid. The complement was created by transforming the purified pACYC-cpxRA plasmid into the cpxRA mutant.
Survival studies for mutants. Stationary-phase cultures of ⌬cpxRA, O157:H7 Sakai, and ⌬cpxRA complemented with pACYC-cpxRA were assayed for survival in MAJ at 37°C as described above. Survival of these strains was also quantified in MAJ at 22 and 4°C as described above except that cell numbers were enumerated at 0 and 24 h for samples at 22°C and at 0, 24, and 48 h for samples at 4°C. At least two independent replicates were tested in MAJ at each incubation temperature. Significant differences in log reduction in MAJ at each temperature were determined using ANOVA with the Tukey correction in SAS 9.1 Proc GLM (SAS Institute, Cary, NC).
Microarray data accession number. Array data are available at NCBI GEO under accession no. GSE11052.
RESULTS
Survival of E. coli O157:H7 in MAJ. The decrease in viable cells inoculated in MAJ (pH 3.5, 37°C) was measured to determine differences in survival between exponential-and stationary-phase cells of O157:H7 Sakai. In exponential phase, the average log decrease per hour was 1.42 Ϯ 0.34, and in stationary phase it was 0.35 Ϯ 0.32, indicating a significant increase (two sided t test, t ϭ Ϫ4.54, df ϭ 5.9, P ϭ 0.004) in the survival rate from exponential to stationary phase (Fig. 1 ).
Significant changes in gene expression after 10 min of exposure to MAJ. Significant changes in gene expression following exposure to MAJ (pH 3.5, 37°C) were observed for the 4,886 O157:H7 Sakai ORFs targeted on the microarray. A two-way ANOVA was utilized to identify changes in gene expression due to exposure to MAJ and if the transcriptional response to MAJ differed by growth phase. A total of 331 genes were significantly (adjusted P value of Ͻ0.05, fold change of Ն1.5) upregulated in MAJ; 164 genes exhibited a significant increase in expression due to exposure to MAJ and did not vary between exponential and stationary phases (Table  1 ). Among the remaining 167 genes, a significant growth phase effect was observed, with 72 genes having significantly higher levels of expression in stationary-phase cells and 96 having higher levels in exponential-phase cells (Table 1) . Of the 331 significantly upregulated genes, 227 are backbone genes shared between E. coli K-12 and E. coli O157:H7 and 104 are O157-specific genes. Upregulated O157-specific genes include effector protein genes that are translocated through the type three secretion system (TTSS) (82) , such as espJ, espB, espM2, espL3, and espZ (Table 1 ). In addition, a total of 228 genes were significantly downregulated upon exposure to MAJ (see Table  S3 in the supplemental material). Forty-three genes had a significant interaction effect, indicating that expression of these transcripts upon exposure to MAJ was different depending on growth phase (see Table S4 in the supplemental material). Because we were most interested in genes with increased expression upon exposure to MAJ, those genes with decreased expression are not discussed further.
Exposure to MAJ leads to increased expression of genes involved in the acid, osmotic, and envelope stress responses. The O157:H7 transcriptional response to MAJ exposure included upregulation of many genes involved in the acid and osmotic stress responses. GSEA indicated that genes known to be upregulated under acid stress (2, 43, 53, 78, 83) and osmotic stress (86, 87) were significantly enriched in MAJ (Table 2) . Genes known to be induced by acid, including asr (53, 83) , osmY (2, 83) , glnK (2), and adiY (43, 53) , were significantly induced in MAJ (Table 1) . Genes induced by exposure to hydrogen peroxide (93) were also found to be induced upon exposure to MAJ, including yfiA, ibpAB, soxS, and ycfR, further supporting the link between acid stress and oxidative stress (53) . Similarly, genes known to be induced by osmotic stress, such as bdm, proV, proW, osmC, and osmY (86, 87) , were significantly induced in MAJ (Table 1) .
Regulons typically activated in response to envelope stress were upregulated during exposure to the MAJ environment. Genes regulated by CpxR (27) were induced in MAJ, including cpxP, spy, copA, and htrA, as well as ORFs regulated by RpoE (68), such as htrA, greA, rpoH, and ddg (Table 1 ). Ten genes regulated by the RcsCDB phosphorelay system (33), including bdm, osmY, wcaF, spy, ydcF, and yhbO, were significantly induced in MAJ. Two genes in the phage shock response system, pspA and pspB, were induced 2-to 3.5-fold in MAJ. GSEA further supported these findings, as genes known to be regulated by CpxRA, RpoH, and the Rcs phosphorelay were significantly enriched in either exponential-or stationary-phase cells exposed to MAJ (Table 2) . Overall, these results indicate that damage to the cell membrane occurred in the MAJ envi- Growth phase-dependent changes in gene expression upon exposure to MAJ. Of the 331 genes significantly induced in MAJ compared to MOPS minimal medium, 167 genes also had significantly different transcript levels in exponential phase compared to stationary phase (Table 1) . Ninety-five genes had significantly higher transcript levels in exponential phase, including transcriptional regulators soxS, oxyR, and rcsA (Table  1) . Genes encoding components of the high-affinity transport system for the osmoprotectant glycine betaine (proW) and the proline/betaine symporter (proP) were expressed at 2.3-to 3-fold-higher levels in exponential-phase cells. Genes encoding heat shock proteins HslJ and HtpX had higher transcript levels in exponential phase, as did genes found to be upregulated during biofilm formation (4), such as ydfJ, metH, rplY, and yccA (Table 1) . GSEA did not identify significant enrichment of any of the annotated role categories of genes in MAJ in exponential-phase cells but did identify significant enrichment of genes involved in amino acid biosynthesis and aerobic energy metabolism in exponential-phase cells in MOPS compared to MAJ (see Table S5 in the supplemental material), indicating overall downregulation of metabolic function upon exposure of exponential-phase cells to MAJ. However, GSEA did identify significant enrichment of RpoS-regulated genes in exponentialphase cells exposed to MAJ (Table 2) , indicating activation of the general stress response.
O157-specific genes that were induced in MAJ with higher levels in exponential phase included the locus of enterocyte effacement (LEE)-encoded regulator, ler, and orf4 (ECs4585) and orf5 (ECs4584), encoded on the LEE pathogenicity island (Table 1) . A gene present on the tellurite and adherence island, terZ, had increased expression upon exposure to MAJ and was expressed at higher levels in exponential phase. A TTSS non-LEE-encoded effector, nleG, was also induced upon exposure to MAJ and at higher levels in exponential phase. Along with nleG, four other ORFs (yjeJ, yhiJ, yibD, and rdgC) that are associated with O157:H7 colonization of the bovine gastrointestinal tract (30) were also induced in MAJ and had elevated transcript levels in exponential phase.
A total of 72 genes had increased transcript levels in stationary phase, including many previously shown to be induced in stationary phase (7), such as treF, dinJ, and oppD (Table 1) . Genes known to be regulated by RpoS (59, 88) had significantly higher transcript levels in stationary phase, including yodD, yeaY, ygaU, yciG, and yceK. Transcripts of O157-specific genes encoding the PerC-like regulators PchA, -B, and -C, which regulate TTSS expression (38) , were present at 2.8-to 3.2-fold-higher levels in stationary-phase cells.
qRT-PCR confirmation of changes in gene expression. qRT-PCR confirmed the increased expression of seven ORFs upon exposure to MAJ (Fig. 2) . The periplasmic protease encoded by degP was induced ϳ3.5-fold in both exponential-and stationary-phase cells, and rpoH, encoding the alternate sigma factor 32 , as well as pspA, encoding a phage shock protein, had similar levels of induction in exponential-and stationaryphase cells. Microarray analyses did not detect significant differences in growth phase of the following genes, but a growth phase difference in transcript levels was determined by qRT-PCR. Transcripts of asr, encoding the acid shock protein, were 
a ECs numbers that are underlined were previously found to be upregulated under acid stress in E. coli K-12 (2, 43, 53, 78, 83) . ECs numbers that are bolded were previously found to be upregulated under osmotic stress in E. coli K-12 (86, 87) . ECs numbers that are italicized were previously found to be upregulated in stationary phase in MOPS minimal medium in E. coli O157:H7 (7).
b "O157" indicates O157-specific genes. c Expression ratios are reported only for ORFs with a significant (adjusted P value of Ͻ0.05) growth phase effect. found to be expressed at a greater level in exponential-phase cells (Ͼ1,000-fold) than in stationary-phase cells (320-fold) after the 10-min exposure to MAJ. Transcript levels of cpxP upon exposure to MAJ were higher in stationary phase (675-fold) than in exponential phase (108-fold). Transcript levels of the osmotically inducible proteins encoded by osmY and osmC exhibited a growth phase-specific response, with a larger induction in exponential-phase cells than in stationary-phase cells.
The Cpx membrane stress response contributes to survival of O157:H7 in MAJ. As cpxP was one of the highly induced ORFs identified in the microarray experiment (Table 1 ; Fig. 2 ) and is one of the target genes most highly induced by the activated CpxRA system (28), we constructed ⌬cpxRA in E. coli O157:H7 Sakai and complemented this mutant with pA-CYC-cpxRA to assess the contribution of the Cpx membrane stress response to survival of O157:H7 Sakai in MAJ. After 4 h of incubation in MAJ at 37°C, ⌬cpxRA had a significantly (P Ͻ 0.01) higher log reduction (1.13 Ϯ 0.39) than either O157:H7 Sakai (0.48 Ϯ 0.21) or ⌬cpxRA complemented with pACYCcpxRA (0.35 Ϯ 0.17) (Fig. 3) . These results indicated that the Cpx system does influence survival of O157:H7 in MAJ at 37°C, so we extended our experiment to include MAJ incubated at 22 and 4°C, more typical storage temperatures for a juice product. Log reductions in MAJ at 4°C were similar for O157:H7 Sakai and the ⌬cpxRA mutant. Significant differences in log reduction were observed between O157:H7 Sakai and the ⌬cpxRA mutant in MAJ at 22°C (P ϭ 0.038) (Fig. 3) . In MAJ at 22°C, complementation of ⌬cpxRA with pACYCcpxRA did not restore the wild-type level of survival, indicating possible temperature-dependent effects on CpxRA.
DISCUSSION
Using whole-genome transcriptional profiling, we have identified transcript pattern alterations that occurred after 10 min of exposure to MAJ (pH 3.5, 37°C). The data presented here indicate that E. coli O157:H7 responds to the MAJ environment by increasing expression of genes involved in the response to acid, osmotic, oxidative, and envelope stresses.
Genes involved in the acid and osmotic stress responses were significantly upregulated in MAJ in both exponential-and stationary-phase cells, indicating that these responses occur in a growth phase-independent manner. Expression of genes involved in the RpoH and Rcs phosphorelay-controlled membrane stress responses were significantly enriched in exponential-phase cells in MAJ, while the CpxRA-controlled membrane stress response was significantly enriched in stationary-phase cells in MAJ, indicating that these different membrane stress response systems were activated in a growth phase-dependent manner. Genes known to be regulated by the general stress response sigma factor RpoS were induced in exponential-phase cells in MAJ, while most of the RpoS-controlled genes were already expressed in stationary-phase cells in MOPS, prior to exposure to MAJ. Some of these RpoS-controlled genes induced by exposure to MAJ were expressed at significantly higher levels in stationary-phase cells, which may have contributed to the superior survival of stationary-phase cells in MAJ. The CpxRA-regulated envelope stress response was significantly upregulated upon exposure to MAJ and was shown to play an important role in survival of O157:H7 in MAJ.
The MAJ environment posed a combination of low pH (pH 3.5) and osmotic stress (13% sugar). Multiple studies have compared E. coli transcriptomes during steady-state (exponential) growth at acidic and neutral pHs, and a number of genes upregulated in response to MAJ are induced by acid during steady-state growth, including asr, yjbJ, and adiY (2, 34, 53, 83) . Asr is an acid shock protein that is strongly induced at pHs of Ͻ5 and is transcribed by RpoS in stationary phase (73, 74) . YjbJ is a predicted stress response protein that is also controlled by RpoS (88) . AdiY is a transcriptional regulator of the arginine decarboxylase acid resistance system (50, 79) . We did not observed increased expression of the glutamate decarboxylase or acid resistance fitness island genes upon exposure to MAJ, which complements the findings of Price et al., which indicated that the glutamate decarboxylase system was not essential for survival of E. coli O157:H7 in apple cider (61) . Maurer et al. reported that growth at pH 5.0 led to increased expression of genes involved in oxidative stress, including those (53, 93) . Here we also observed that oxidative stress response genes, including the heat shock protein genes ibpAB, the soxS regulator, and ycfR encoding a putative membrane protein involved in multiple-stress resistance (91) , were expressed at significantly higher levels in MAJ. These data confirm that the response to the sublethal stress posed by the MAJ involve the activation of diverse stress response networks. Few studies, however, have investigated the transcriptional response during the short-term adaptation to environmental stress. In a targeted analysis of stress response gene expression in E. coli O157:H7, Allen et al. identified activation of common stress responses, including those controlled by RpoS, RpoH, and RpoE after 15 min of exposure to either nutrient replenishment, cold shock, or acid shock (1) . In E. coli K-12, Kannan et al. identified rapid changes in gene expression that were induced during the first 10 min of acid stress (43) . Specifically, it was demonstrated that the 67 genes that were significantly induced in the MAJ environment also were upregulated during the initial transcriptional response when the pH shifted from 7.6 to 5.5 (43) . Some of these genes, including rcsA and bdm, have not been previously characterized as acid-induced genes during steady-state growth. In addition, a number of genes involved in biofilm formation (4, 67) were identified as part of the dynamic response to low pH (43); these genes also were upregulated in MAJ. Together these data suggest that transcriptional alterations induced during growth in a biofilm overlap with the transcriptional response of adaptation to acid stress (pH 5.5 from pH 7.6) and to the low pH and high osmolarity of the MAJ environment.
It has been suggested that many of the genes and proteins induced by osmotic stress also play a more general role in cross-protection against diverse stress conditions. This crossprotection is reflected by direct or indirect transcriptional control through the general stress response sigma factor RpoS (87, 88) . A number of genes encoding osmotically inducible proteins also are known to be induced during acid stress, including osmY, bdm, and osmC (83, 86, 88) . In this study, 10 min of exposure to MAJ resulted in induction of osmY, bdm, and osmC as well as osmotically inducible transporter genes proV and proP. Osmotic stress activates the RcsBCD phosphorelay system, which in turn activates transcription of genes involved in colanic acid synthesis as well as lipoproteins and periplasmic proteins (33, 76) . Here we observed increased expression of a number of RcsBCD-controlled genes, including osmC, bdm, and wcaF, which are involved in colanic acid biosynthesis. Production of colanic acid protects E. coli O157:H7 during storage in yogurt, another low-pH, high-osmolarity food product (49) .
A number of O157-specific genes were upregulated in MAJ, including components of the TTSS and regulators of TTSS gene expression, including pchA, pchB, and ler. Secretion of TTSS proteins has been found to be highest under conditions similar to those in the gastrointestinal tract, which includes osmotic stress (31, 45) . High osmolarity induces transcription of the genes encoding TTSS secreted proteins; Beltrametti et al. found that espA, espB, and espD transcript levels were 8-to 10-fold higher in the presence of 430 mM NaCl or an equimolar concentration of sucrose (5) . This increase in expression was independent of growth phase, as esp expression increased in exponential-as well as stationary-phase cells after the shift to high osmolarity. Here we also observed a significant increase in expression of the TTSS effectors encoded by espB, espJ, and espZ. In contrast to osmotic stress as a positive signal for TTSS expression, a low-pH environment leads to decreased expression of LEE genes (75) . Transcription of TTSS genes and secretion of TTSS proteins are temperature dependent, with maximal expression and secretion at 37°C (5, 31, 45) . To avoid temperature-induced changes in gene expression, we assessed the transcriptional response to MAJ at 37°C, the same temperature at which the cultures were grown. Multiple regulators control LEE expression, including two-component response regulators that respond to environmental conditions. We observed that genes controlled by RcsB were upregulated in MAJ, and RcsB has been shown to positively or negatively influence LEE expression, via GrvA and PchA, depending on the growth medium (81). The TTSS had been predicted to be under the control of RpoE (68), one of the envelope stress responses activated in the MAJ environment. Here we observed increased expression of the positive regulators of ler encoded by pchA, -B, and -C in MAJ, which, along with osmotic stress, may have led to the elevated LEE expression observed in MAJ. pchA, pchB, and pchC are expressed at significantly higher levels in stationary phase (7), but other environmental signals that lead to activation of these genes are unknown.
The MAJ did not contain any sources of nitrogen and posed a nitrogen limitation stress, as evidenced by the strong induction of multiple genes encoding transporters that respond to low-nitrogen conditions (66, 94) , including glnHPQ, amtB, oppD, and dppC.
N controls expression of genes involved in the response to nitrogen limitation, including glnK, which had one of the highest levels of induction in the MAJ. GlnK regulates nitrogen response gene expression during nitrogen starvation (10) and was also found to be induced in E. coli O157:H7 in response to acetate (2) . Other genes with confirmed and putative N binding sites were upregulated in MAJ, including the phage shock response genes pspA and pspB, the formate dehydrogenase gene fdfH, the nitrogen assimilation control regulator gene nac, and the glutamine synthetase gene glnA (66) .
N is thought to mainly control nitrogen assimilation, and the other genes regulated by N may alleviate problems associated with stresses that make nitrogen assimilation difficult (65) .
Envelope stress was an important stress perceived by O157:H7 cells after 10 min of exposure to MAJ, as genes potentially regulated by three different envelope stress response regulons were activated. The phage shock response is activated by a number of environmental conditions, including osmotic stress (87); here we observed significant induction of the phage shock genes. The envelope stress responses controlled by CpxRA and E upregulate genes encoding factors involved in envelope maintenance, such as extracytoplasmic chaperones and proteases. While stress is sensed through different mechanisms by Cpx and E , an overlap exists in terms of the factors activated by both systems (72) . Exposure to the acidic, high-osmolarity environment of MAJ led to increased expression of genes that are regulated by Cpx (27) and E (68), including the periplasmic protease DegP, which can be regulated by both systems (20 (58) . The Cpx system is activated by alkaline pH, entry into stationary phase, osmotic stress, and accumulation of proteins in the periplasm (24, 26, 42) . The Cpx system is downregulated in response to low pH (24, 43, 53) . In contrast, we found increased expression of CpxRA-regulated genes after exposure to MAJ, potentially in response to misfolded proteins in the periplasm induced by the combination of osmotic and low-pH stress. We also determined that the CpxRA system significantly contributed to survival of O157:H7 Sakai in MAJ (Fig. 3) . The storage temperature did influence the contribution of CpxRA to survival of O157:H7 in MAJ, with a significant contribution at 37 and 22°C but not at 4°C. The effect of the cpxRA deletion could be complemented at 37°C but not at 22°C, possibly due to the involvement of other transcriptional regulators or other factors that control CpxRA at this temperature. While it is clear that the Cpx system plays an important role in hightemperature stress (20) , the impact of low temperature on Cpx expression and function has not been investigated.
E. coli O157:H7 induced multiple stress response regulons in response to a low-pH, high-osmolarity environment designed to mimic apple juice. Based on the changes in gene expression observed here, multiple sigma factors, including H and S , and two-component response regulators, including CpxRA, play a role in responding to this environment. Characterization of the stress responses induced during exposure to a food matrix could lead to selection and development of prudent strategies for inhibiting growth and survival of pathogens in foods, such as blocking stress signaling pathways.
